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ABSTRACT 


A new techninue for desiqnina fliqht directors ie diacusaed* 
This technioue uses the optimal-ccntrol pi lot/ vehicle model to 
deter 'line the apnropriate control strateqy. The dynamics of this 
contr:>l strateav are then incorporated into the director control 
laws, thereby enablinq the pilot to operate at a sionificantlv 
lower workload. 

A preliminar ’ desian of a control director for maintaininn 
a ?TCL vehicle on the npnroach path in the presence of random air 
turbulence is evaluated. Tv selecting rodel parameters in terms 
of allowable rath deviations and pilot workload levels, one 
achieves a set of director laws which allow improved svstem 
performance at reduced workload levels. The pilot acta eaaen- 
tiallv as a proportional controller with reqard to the director 
sional®. and control motions are compatible with those approp- 
riate to status-only disvlays^ 


INTRODUCTION 

Aircraft instrument panels often include a "fliqht director", 
so called, the purpose of which is to provide acceptable levels of 
svstem performance at reduced levels of pilot workload by provi- 
dinq the pilot with one or two display variables which combine the 
&>ensor variables in an optimal fashion. In thi/ way, the pilot*s 
visual scannino and attention-sharinq roauirements are substantially 
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reduced. Furthermore, the pilot can obtain, from the velocity 
of the director indicator, derivative Information (such as 
acceleration) not otherwise available from visual diuplaya. 

The objective of this paper is to outline a proposed 
new technioue for determininq flight director laws. This desian 
procedure is based on application of the state-variable (or 
"optimal-control") model for pilot/vehicle systems (Refs, I, 2), 
Application of the procedure is illustrated bv the derivation of 
director laws for a STOL vehicle in the final approach confi- 
guration. 

The proposed technique (hereinafter referred to as the 
model-based" procedure) offers certain important computational 
advantages over alternative procedures. The model-based tech- 
niques would appear to allow the derivation of a full set of 
director gains with a mirimum number of iterations of the 
desian procedure, (Only s sincle iteration is needed for the 
example presented later in this paper,) other procedures, 
whether they be based on analoq simulation or on other forms 
of pilot/yehicle analysis (Ref, 3), qenerallv require a number 
of iterations on the proposed director feedbacks to arrive at 
an acceptable desian. This is especially true for situations 
involvino multiple control variables in a sinole axis of control. 

The model-based technique also appears to require fewer 
a priori assumptions relating to pilot behavior than other 
techniques. In order to minimise the computational effort 
reouired to carry out other desion procedures, it is usuallv 
desirable to pre-speeifv loop closures (i,e,, which sensor 
variables should influence which director variables), Uslna 
the state-variable procedure suggested here, one msv simplv 
assume that all sensor variables influence all control variables 
and proceed to compute the full matrix of director feedbacks. 

Such an asstsnption does not increase computational complexity 
(which depends only on the dynamical order of the system) and, 
as we shall show, adds only minimally to the complexity of the 
director design itself. 

The model- based technique is not without its own judge- 
mental requirements. The designer must postulate desired per- 
formance levels, and the available sensory variables must be 
specified. These considerations are common to all director 
design procedures, however, and do not represent a limitatlor 
peculiar to the proposed scheme. 
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DIPECTOR DESIGN PHILOSOPHY 


Certain constraints are imposed on the desiqn of flight- 
director lavs that will allow improved performance at reduced 
levels of Dilot workload* The director variables must be 
coroosed of sianals that car be venerated bv available aircraft 
ncasurerent devices. These sic^nals are coMnonlv combined in 
such a wav as to make the combined director/vehicle dyneunics 
approximate a K/s-like behavior so that the need for pilot lead 
is minimized. Considerations of pilot acceptance also suoaest 
that renuired control inouts and resultant vehicle motions be 
similar to those that are appropriate to flioht with conventional 
disrlavs. In addition, the director sianal should provide the 
DJ lot with a CTood indication of Instantaneous flight-path and 
attitude errors so that freciuent reference to status displays 
is not reouired. 

If the director is a control director (i.e., if it provides 
the Pilot with an explicit indication of the desired control 
response) , a director signal must be oenerated for each control 
variable. An ideal dcsicn should require little or no pilot 
coupling so that a qiven director variable commands a control 
response along a sinale dimension* 

The preliminarv desian procedure outlined below allows 
one to approach manv of the above desiqn coals in a relatively 
straightforward manner. The followinq desian steps have been 
followed in deriving the control-director for the rumerical 
example presented Ir this page. 

1. Define the control situation in terms of svstem 
dynamics, input characteristics, sensorv informa- 
tion, performance requirements, and pilot parametars* 

2. Vse the pi lot/vehicle model to predict the pilot- 
generated feedbacks between each display variable 
and each control variable. 

3. Approximate each of the transfers bv a first- or 
second-order filter, (This approximation simplifies 
both analytical evaluation and implementation 

of the resultina director laws.) 

4. Derive the commanded control sional bv summina the 
outputs of the transfers between all sensor variables 
and the control variable appropriate to the director. 
The director signal is thus expressed as 


where D. is the director signal appropriate to the ^,th 
control^variabl€«, Ya is the jth sensor variable, and 
Tij is the appreximate describing function between the 
jth sensor vari&blc and the control variable. 

5, Evaluate the proposed director laws using the pilot/ 
vehicle model. If an inappropriate "mix" of fltaht- 
nath errors, attitude errors, and control motions is 
predicted, repeat the design with a revised set of 
cost weighting coefficients. If performance is still 
inadeouate, additional sensory variables may be have 
to be considered. 

In essence, the flight director laws are desloned to per- 
form the equalisation and cross-coupling that the pilot would 
otherwise have to do. With the director in the system, the 
pilot’s task is basicsllv that of generating a control response 
proportional to the deflection of the cr rrespondino director 
indicator. Thus, eross-counll.ig shou] be st a minimum, and 
the pilot’s response strategy should be approximately that of 
a pure gain at low and mid frequencies. 

If the sensor vsriables and performance requirements 
assumed for the director design are the same as would aoplv to 
the control task with a more conventional display panel, the 
characteristics of control and vehicle motions should not be 
appreciably changed by the use of the director. Nevertheless, 
the conseouent reduction of pilot-related "noise” associated with 
scanning, attention-sharing, and visual resolution limitations 
should allow a substantial Improvement in performance and/or 
a reduction in Pilot workload* If additional sensorv information 
(such as linear or rotational accelerations) is used in genera- 
ting the director signal, further improvement mav be expected. 


NUMERICAL EXAMPLE 


The following numerical example is presented to dcronst».-:f-f 
the model-base/ dcpirn rrocedurr outlined above. Pontrol-di rector 
laws are derived for lonaitudinal-axis control of an auamentor- 
wing jet STOL aircraft (rs-M) in a steep (7.5 deo) anproach-to- 
landlng configuration. Longitudinal and vertical randem-wind 
disturbances are considered, and linearized perturbation equa- 
tions are used to describe aircraft dynamics. Two control 
variables are consideredt the elevator control, and the "nozzle 
control which regulates the direction of the thrust vector. 


D. (s) » E T, (s) • Y. (s) 

1 j S ’ 



The director laws derived below are intended only as a 
Dreliminary fliqht director design — not one that would necessa- 
rily be implemented without modification. For example^ a realistic 
design effort would involve consideration of additional factors 
such as wind-shears^ beam caoture# and random fluctuations of the 
sianal which oeneratea the desired elide slope (**beam noise”). In 
addition^ the director laws would have to prohibit the possibility 
of "stand-off” errors in which a steady-state error in one variable 
compensates for a steady- state error in another variable to yield 
a zero reading on the director, nevertheless, the following example 
does illustrate the essence of the design procedure, and we con- 
sider the predicted improvements in performance and workload to be 
representative of the benefits that would be obtained in practice. 


Definition of the Control Situation 


The control situation used in this example has beer described 
in considerable detail in Reference 4 and to a lesser extent in 
a comoanion paper (Ref. 5> . Accordingly, only those aspects of the 
situation critical to an understand! no for the director design pro- 
cedure will be elaborated upon here. The reader is directed to the 
above references for a description of the vehicle dynamics and wind- 
aust characteristics assumed in this example* 

:io description of the nilot/vehicle model is given here, as 
this model has been well documented in the literature (Refs. 1, 2). 
The rationale for selectino model parameters will, however, be 
discussed. 

The sensory information available to the flight director 
assumed to be the same as the flight-control information 
available to the pilot through his status displays; namely, 

(a) height error, (bj sink-rate error, (c) pitch deviation from 
trim, (d) Ditch rate, and (e) airspeed error. (Lateral-directional 
variables arc not considered in this example.) 

Performance reouirements were specified in terms of a 
(scalar) ouadratic cost functional that combined deviations 
associated with flight-path, attitude, and control variables. 
Weighting coefficients for this cost functional were selected 
on the basis of maximum allowable deviations (or "limits”) for 
t)ie various problem variables, A unit amount of ”cost” was 
associated with a civen variable when the magnitude of the "error” 
(i.e., deviation from trim) was eoual to the nominal limit. Thus, 
the weiahtina coefficient for each variable was computed simply 
as the inverse of the srruare of the corresponding limit. Height- 
error and airspeed limits were based on Category II “window” speci- 
fications; control and control- rate limits were determined largely 
from physical considerations, and the remaining limits *;ere based 
on assumed pilot preferences. 


The limits assumed for this analysis and the resulting 
weighting coefficients are shown in Table 1. 


Table 1 

"LIMITS AND COST FUNCTIONAL WEIGHTINGS" 


Variable 

"Limit" 

Weighting 

h 

3.7 (») 

0.0-T3 

. 

h 

1.1 (m/s) 

0.83 

6 

6.0 (d.9) 

0.028 

0 

(none specified) 

0.0 

“1 

2.6 (m/s) 

0.15 


9.0 (deg) 

0.012 


29. (deg) 

0.0012 

. 

50. (deg/8) 

0.0004 


100. (deg/8) 

0.0001 


On the basis of previous analysis of manual control behavior 
(Refs. If 2) f pilot time delay was assumed to be 0,2 seconds. Pilot* 
related "noise" levels, on the other hand, were set at levels con- 
siderably greater than those found 'n the laboratory. The rationale 
for choosing noiss levels is as fixlows. 

The selection of model noise/signal ratios for flight 
director design depends on whether one views the benefit of the 
director as primarily the reduction of system errors or the 
reduction of pilot workload If the pilot is expected to main- 
tain a high level of workload so that he can minimize errors, low 
noise/signal ratios appropriate to maximal effort should be used 
in the analysis. On the other hand, if the director is intended 
mainly to allow the pilot to maintain performance with reduced 
workload, then the director should be optimized for substantiallv 
larger noise/signal ratios. 


^His basis for' relating noise parameters of the model to atten- 
tional workload is discussed in Refs. 6 and 7. 
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JMthouQh a director desianed for a lo.v-noi8e situation 
will allow better performance under conditions of max mal effort, 
the alternative desian will be less sensitive to pilot noise and 
should thus be more **forqivino" of non-optlmal pilot behavior. 
Accordingly, the director laws designed and evaluated in this 
studv have been obtained by computino predicted pilot describing 
functions for a hiah^noise situation. 

Sped ficallv, levels of -10 dB were used for both motor 
and observation noise/sinnal ratios (as opposed to levels of -20 dB 
for observation noise and -25 dB for motor noise typically derived 
from laboratory tracking data). Attention-sharing was not specifi- 
cally considered - the larce noise/signal ratios already took this 
factor into account - and display-related thresholds and resolu- 
tion limitations were ignored. 


Derivation of Director Laws 


Pilot describino functions were obtained from a steady- 
state analysis of pilot/vehicle performance. Wind gust inten- 
sities corresponded to the *• 1-percent" wind condition. That is, 
qust intensities Greater than these levels would be encountered 
in practice onlv 1% cf the time. Thus, a "worst-case** analysis 
was performed. 

PreJictcd pilot describing functions (magnxtudes onlv) 
relat^no the clr^’citor ar * ncrrle controls to ench of tlio five 
'i'-- lov varial les shr»» n in Figures 1 and 2.* Since the 

frueuer.cv-dcpcncicncics of the five transfers associated with a 
civen control variable were nearlv identical, onlv two shapina 
filters were renuired to Generate the director laws, 

Speci ficallv, each of the predicted pilot transfers was 
aporoxirated bv the transfer function of a second-order, critically- 
damped low-pass filter. The critical frequencies of all responses 
correspondinq to a given control variable were made identical. 

Thus, each of the two director signals was represented as follows t 

where is the critical frequency of the filter associated with 
the i^ii control variable and K^j is asymptotic low-frequency behavior 
of the approximate transfer function relating the i^h control 
variable to the sensory input, 

•i’or tl»e purposes of this design exercise, velocity variables 
(pitch rate and sink rate error) were considered to be sensory 
variables distinct from the correspondinq position variables. 

Hence, five pilot describing functions were computed for each 
control variable. 


Approximations to the predicted internal describino functions 
were obtained by visual inspection. The resulting director para- 
meters are shown in Table 2. The units of the low-freouency gains 
in terms of relevant display and control variables. For 
mple, tho gain associated with the contribution of height 
information to the elevator director has units of degrees (of 
control surface deflection) per meter (of height error) , Criti- 
cal freouencios are in radians/aecond , 


Table 2 



The ability to approximate each set of five pilot describing 
functions with a si.iole shaping filter is an encouraging result, 
for it shows that t,ie complexitv of the problem is neoligibllv 
affected by the number of displav-to-control closurea that are 
considered* That is, two shaping filters are needed whether 
there is one closure per control variable or whether there are 
five. Additional closures merely add additional oain coefficients 
which contribute minimally to the design complexity of the director. 
Furthermore, these additional coefficients do not increase the 
computational effort involvec, in analysing the proposed desion 
with the state-variable model. 




|H| (dB) 






|H| (dB) 



FREQUENCYi RAO/SEC) 


FIGURE 2. • inn. t.-;c;c..of Ir.ternal Pilot Describino Functions 

for Nozzle Control 
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Table 3 


Further experience with the pronosed technique is needed 
to detemne whether such simplifications can be made in ocneral* 

If such is found to be the case, then we have demonstrated a verv 
cowerful tcchniaue for desionino a control director of minimal COMPARISON OF PREDICTED RMS PERFORMANCE WITH 

corrlcxitv. VARIOUS DISPLAY CONFIGURATIONS 

(l%*wind» P^ » - 20 dB) 

Lvaluatior of th director Laws ° 


For the r>orpose of evaluatino the proposed control-director 
lavs, PI lot-re lated model parameters were selected to correspond 
to a hicfh level of pilot effort. Parameters not related to pilot 
random ness vere set to the same values used in the desiqn pro- 
cedure, Tne rotor noise/s lonal ratio was set to approximately 
-25 dP, and, in order to perforr a workload analysis (Refs. 6, 7), 
the observation noisc/sional ratio was varied fror a minimum of 
-20 CD to a raximur of about -10 dB. 


■ -V , — Predicted rms performance scores for the 

condition and an observation noise/siqnal ratio of *20 dn 
are s-.ox’n in '"’ablo 3. /Iso shown for comparison are the scores 
predirtcd for tne status displays v'ithout a flight directo’* and 
thi scores associated with an idealized display condition which 
lanores most of the display-related limitations (Refs. 4, 5), 


Thc‘ rerforrance variable most effected bv display para- 
rc'tcrs IS tne rrs heicb.t error* The score predicted with the 
flicht director is al rut 26^ less than the score predicted for 
t:u status disrla'^. (The idealized display vields about a 35% 
rc*duction vith resocct to the status display.) p similar reduc- 
tion is prediett'd for the sink rate error score. A reduction of 
about 10% IS predicted for rms stick and stick rate. Other per* 
^nr^anco scores arc virtually unchanged. Except for improved 
flicht-rath rerforrance, then^ vehicle motions and control 
resronsos arc essentially the same v/ith and without the flight 
director. 


.’cp' -V7 . — In order to assess the degree to which 

X or k load can Ic reduced bv the use of the flight director^ we 
eyarine the relationship between the probability of a "missed 
approach" and "attention". A missed approach is defined as the 
situation in which either heinht or airspeed error exceeds its 
respective "limit" of 3.7 meters or 2.6 meters/second. Atten- 
tion is related inversely to the observation noise/signal ratio, 
with a relative attention of unity associated with a ratio of 
-20 dP. 


O 

> ^ 
|§ 


Variable 

Without Flight Director ' 
Status Idealized 

With Flight Director 


2.3 

7 

1.5 

1.7 

a^(m/s) 

.68 

.55 

.55 

o^ldeg) 

1.8 

1.8 

1.8 

Oo<<Jeg/s) ! 

1.2 

1.2 

1.1 

a^(m/s) 

1.3 

1.3 

i 

(deg) 

2.1 

2.0 

I 1.9 

e 

(deg/s) 

0 

7.4 

7.0 

1 

6.6 

0 . (deg) 
N 

12. 

12. i 

1 

12. j 

al (deo/s) 
°N 

21. 

21. 

u— 1 

21. 

i 


The relation between predicted performance and attention 
is shown for the 1%-wind condition in Figure 3a. Curves for both 
the status and director displays are shown for comparison. For 
the 1%-wind condition performance is still poor for the director 
display, but it is appreciably better than for the status display 
configuration. In particular, the flight director reduces signi- 
ficantly the sensitivity of performance to observation noise (both 
display- related and human related) and, therefore, shows relatively 
greater improvement at lower levels of pilot attention. 
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PROBABILITY OF A MISSED APPROACH 
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In order to provide a more meaninaful comparison of the 
work load/per formance relationships for the two display confiau- 
rations^ a probabilitv-weiahtina procedure was employed to derive 
a set of curves correspondino to “averaoe** oust conditions 
(Pefs, 4, 5). The value of the flioht director is now even more 
apoarent* The predicted workload reouirements arc suhstantiallv 
lessened even for relatively stiff performance demands. For 
example, if we reouire a 99-nercent probability of a successful 
approach, a relative pilot attention of sliahtly oreater than 
uni tv is reouired v;hen no director if provided. Vith the proposed 
director, hov»evcr, predicted attertior rceuirei envr r«. . jcrd 

).v a>cuL e ^.ictrr of 10. ronversclv, rerforrance is irr roved for 
a pilot operatinc at a constant level of attention. For a rolativt 
attention of 0.25, the predicted probabilitv of a missed approach 
is reduced from about 5 percent for the status displav to around 
• 6 percent for the "model-based** director. 


Predicted Pilot Peecrihinn Function, — One of the dcsion 
Qoals set forth earlier v;as that the fliqht director should allov; 
the pilot to adopt a control stratecrv that resomtles a simnlc 
pain at low and mid f rerruencies , V^e expected that the desian 
procedure adopted in this study vrould meet this renuirement bv 
allowlno the director laws to perform the reouired eouulization. 
It was also anticipated that cross-couplino in the pilot's 
response strateov would be unnecessarv w-ith a proper Iv desianed 
set of flioht directors. 

Inasmuch as the model for the pilot is relatively "free 
form", pilot transfers will in oeneraJ bo predicted hetw^een 
all display and all control variables. Thus, for the control 
situation investioated here, there are two sets of predicted 
pilot dcscribino functions to consider: the "direct" transfers 

which relate each control response to the corresrondino director 
command, and the "cross" transfers which relate control responses 
to commands on non-associated directors, in cases where pilot 
cross-coupling is unimportant, the macnitudes of the predicted 
cross transfers should be numerically small. 

The predicted direct transfers are sliown in Fiaurc 4. As 
expected, these transfers approximate a pure gain at freauencics 
up to about 4 rad/sec (which is beyond aa in-crossover for flioht- 
path and attitude control) . The high-freouenev peaks in the 
amplitude ratios are typical of actual pilot response behavior 
obtained in K/s tracking situations. 

Predicted cross transfers are shown in Fiaure 5, The 
freouencv-dep€i»Jencv of the phase-shift indicates that both 
describing functions arc non-minlmum-phasc • 


FICURF 3. Relation Between Predicted Performance and 
Attention 





L H (OEGREFS) 




FREQUENCY (RAOIANS/SECONOS) 


FIRURE 5. Predicted "CroBS* Pilot Transfers 








In order to determine whether or not the maonitude of the 
cross transfers arc small enough to be neolected, we must compare 
the ooen-loop describinc functions for the direct and cross 
^aths. (The onen-loor transfer is defined as tne cascade combi- 
nation of a predicted nilot describinc function and the corres- 
rondina vehicle transfer function.) Such a coimarison (not shown 
here) reveals that the maonitudes of the cross control paths are 
not substantiallv less than the maonitudes of the direct paths 
at all frenuencies. Thus, we cannot claim that the predicted 
pilot cross courlinos arc numericallv small. 

A true test of the importance of cross-couolina would be 
to determine the levels of performance and workload that would 
be obtained if cross courlino were prohibited. There is no 
simple \^av to make this test at Present, however, because current 
implementation of the pilot/vehiclc model does not allow for such 
a constraint on the predicted control strategy. 


Sl'MMAPY 


An approach to desionina flioht director laws based on 
the t 'mal-control model" of the human operator was suggested. 

Dire f-'ir laws for lonaitudinal control of a STOt vehicle were 
deve. d usino this approach. Analysis of svstem performance 
with status displavs and with the proposed director display led 
to the prediction that the director would provide improved system 
porforranct? at reduced workload levels. Thus, the proposed design 
tecl.nieuc achieved its major objectives. On the other hand, the 
results did not substantiate the belief that the reed for control 
crc'ss -COUP ling would be reduced this design procedure. Further 
v’ork IS neccssarv to evaluate this aspect of the design. 

It should be re-emphasized that the illustrative example 
rresentcf’ ir this paper resulted in only a preliminary desio’^ 
of director law*^ and an analytic (not experimental) evaluatx ' 
thereof. uirl . of factors such as steady-state v;inds, se:.'. ->r 

and stanc'-v^'f errors were not considered, and design 
compromiser **hat are perhaps inevitable in practice were unnecessary 
here, ' cv^ theies. the author believes that the results presented 
here arc hicjl Iv '.ncourarrina and warrant both thcr development 
and expcrijrrntal evaluation of the design teebn’ gue proposed in 
this paper. 
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